The electronic and spin states of the perpendicular magnetization films of Tb17 Fex Co (83-x_) (x=0, 9.5, 32.5, 61.4 and 74.5) were measured by means of soft X-ray absorption and magnetic circular dichroism spectroscopy for Tb element to investigate the magnetic anisotropy. The origin of the magnetic anisotropy is said to be caused by a large orbital moment of the well-localized 4f electron. The expectation values of orbital moment <Lz> for the different composition of Fe were estimated to be about 1.2 model calculation the opening angle of the conical distribution of Tb moment along the easy axis of magnetization was estimated to be about 67 degree.
Introduction
Magnetic amorphous films consisting of rare-earth (RE) and transition-metal (TM) alloys 1) -3) have attracted much interest because their characteristic features of magnetic properties are useful for magnetic storage media. The macroscopic magnetic properties, such as saturation magnetization, coercitivity, and Curie temperature of the RE-TM amorphous film are controlled changing a chemical composition of the film. For example, the RE-TM film with a specific composition, so-called compensation composition of RE and TM elements, exhibits strong perpendicular anisotropy and large Kerr rotations. By making the best use of their advantages, magneto-optical (MO) recording based on the RE-TM amorphous films with perpendicular magnetic anisotropy is currently established as a storage technology. In addition, RE-TM films with TM-rich composition is used for magnetic recording media with a soft magnetic backlayer 4), 5).
Magnetic properties, especially, magnetic anisotropy energy and magnetization, of the RE-TM amorphous films have been studied by many researchers 6,7). Generally, in RE-based magnetic materials, the origin of the magnetic anisotropy is said to be caused by a large orbital moment of the well-localized 4f electron of an RE ion. The one-ion anisotropy has been proposed as a model for the main origin of the magnetic anisotropy in RE-TM films. On the other hand, the magnetic moments of TM and heavy RE elements in the RE-TM alloy film are anti-parallel and the moment of individual heavy RE (except gadolinium) are oriented at random within a cone around easy axis of magnetization 3). The net magnetic moments are composed of RE and TM sub-networks moments and the RE-TM film is therefore a ferrimagnet. However, the origin of the perpendicular magnetic anisotropy, for which the conical distribution of magnetic moments for RE element is likely to play a significant role, has not been fully understood yet, and these still exists much research interest in the RE-TM films both in term of improving the performance of MO media and elucidating the origin of the perpendicular anisotropy. It is important to study the relationship between the magnetic anisotropy and microscopic magnetic properties such as an expectation orbital moment <Lz> of each element.
Magnetic circular dichroism (MCD) in the core-level absorption spectrum (XAS) in soft X-ray regions, namely the difference of the absorption spectra between parallel and anti-parallel geometries of the magnetized sample with respect to the helicity of an incoming circularly polarized X-ray, has recently been used for the spectroscopic study on ferro-and ferri-magnetic materials 8). The XAS technique gives not only information on constituent elements of a magnetic material but also that on orbital states of each element, because the core electron is excited according to the selection rule and the transition probability. The information on the selectivity of XAS allows us to investigate the magnetic polarization around the selected elements; namely, it becomes possible to study 
Experimental methods
Tb 17 Fex Co(83-x) (x=0, 9.5, 32.5, 61.4 and 74.5) amorphous films with perpendicular magnetization were deposited on a Cr underlayer (20 nm) / Si(100) single crystal substrate using a dc-magnetron sputtering system with a power of 300 W and deposition rate of 0.5 nm/s, where the thickness of the amorphous films was fixed at 25 nm. The base pressure was less than 8x10 -6 Pa and the Ar sputtering pressure in all sample preparations was 0.5 Pa. A 5 nm-thick SiN layer was deposited on the top of the Tb17FexCo(83-x) films as a protective layer against oxidation. Figure 1 shows magnetic hysteresis loops of Tb17Fe"Co(83_x) films measured in the direction perpendicular to the film surface.
The XAS and MCD spectra at the Tb M4 ,5-edges for the Tb 17 Fe x Co (83-x) films were measured using synchrotron radiation at the soft X-ray beamline BL23SU at SPring-8, Japan, where an APPLE2-type undulator was adopted as a light source and a varied space plane grating type monochromator with a 1000 lines/mm grating was installed. The energy-resolution E/AE was greater than 7000 during the measurements.
The current (I1) was normalized by the incident photon intensity (monitor current, I0) and the normalized absorption intensity (I = I1/I0) was used for comparison. Hereafter, XAS intensities obtained by using parallel and anti-parallel photon polarizations along the magnetization direction are denoted by I+ and I-, respectively. The XAS of isotropic polarization is obtained as the average value of two absorption spectra measured with opposite helicity of X-ray beam, which is defined as IxAs = (I-+ I+)/2. The MCD intensity was obtained as the difference between two absorption spectra, which is expressed as ImcD = (I--4)/MAX(IxAs). Here MAX(IxAs) represents the maximum value of IxAs . During MCD measurements, the undulator and monochromator were controlled synchronously, i.e., the photon helicity was switched at each photon energy point 13), 14) . This method has a great advantage in avoiding the energy disparity between the two different circularly polarized X-rays caused by mechanical errors of the monochromator. The energy value of incident photon was calibrated by referring the energy of Dy M4 ,5-edges of Dy2O315). The films were magnetized in the direction of perpendicular to the film surface and the incident direction of photon was normal to the surface. In this geometry, MCD affords the average value of Tb 4f magnetic moments projected along an easy axis of magnetization, which is perpendicular to the film surface. We carried out the measurements at 300 K, which is much lower than Curie temperature of the Tb17FexCo(83 -x) amorphous films.
Results
Thole and Carra 10), 11) derived the sum rule, which allows us to estimate the expectation value of the orbital angular momentum <Lz> from XAS and MCD spectra. Therefore, the XAS and MCD near the M4 ,5-edges for Tb gives us information on the angular distribution of magnetic moments for Tb 4f electron around the easy axis of magnetization and the maximum opening angle of their conical distribution. Figures 2 and 3 show XAS and MCD spectra of the Tb M4 ,5-edges of Tb17FexCo(83-x) at various x compositions, respectively, where the M5 and M4 white lines due to core-level 3d spin-orbit splitting are shown. Fig.2 The X-ray absorption spectra near the Tb M4 ,5-edges of Tb17FexCo(83-x) films (x=0, 9.5, 32.5, 61.4 and 74.5) films, which were obtained as average values of Land I+. calculation for metals 16), 17).
To provide a description of the spectral feature, line shapes of the XAS and MCD spectra were compared with theoretical values obtained by means of the ionic model 17, 18) . Here, a theoretical model based on the full-muliplet calculation for a Tb3+ ion 18) was used, which is known to a useful tool to analyze the experimental results of XAS and MCD spectra. Figure 4 shows the calculated XAS (a) and MCD (b) spectra of the Tb M4 ,5-edges for Tb3+ in a relative photon energy scale. The characteristic features of XAS and MCD are fairly reproduced and the M4 ,5-edges spectra of Tb3+ ion in the films are well modeled with an ionic feature. They show a unique character of the M4 ,5-edges of Tb3+ spectra which is attributed to the electronic structure of Tb 4f8 in the ground state of 7 F6.
On the other hand, the <Lz> value is calculated to be 3.1 Fig.3 The magnetic circular dichroism spectra near the Tb M4,5-edges of Tb17FexCo(83-x) films (x=0, 9.5, 32.5, 61.4 and 74.5) films, which were obtained as differences of I_ and I.4. , and normalized by maximum of I xas.
(a) Fig.4 The soft X-ray absorption (a) and magnetic circular dichroism (b) spectra of Tb3+ ion which are deduced from the full-multiplet model calculation.
about 67 degree as the cone half angle. According to the previous report 19) in the case of Tb25Fe68Co7Nx, the corresponding angle was dependent on the concentration of N and was 53 degree If the opening angle can be controlled to be small, the one-ion anisotropy would appear to be strong perpendicular anisotropy. The detail of the estimation of opening angle of the cone will be reported elsewhere 20).
Conclusions
The 
